The initial solid-phase concentration of volatile organic compounds (VOCs) is a key parameter influencing the emission characteristics of many indoor materials. Solid-phase measurements are typically made using solvent extraction or thermal headspace analysis. 
The VOCs in the extraction gas from FBD and DTD were collected on sorbent tubes and analyzed by gas chromatography/mass spectrometry. Seven VOCs emitted by VF were quantified. Concentration measurements by FBD ranged from 5.1 µg g -1 VF for n-hexadecane to 130 µg g -1 VF for phenol. Concentrations measured by DTD were higher than concentrations measured by FBD. Differences between FBD and DTD results may be explained using free-volume/dual-mobility sorption theory, but further research is necessary to more completely characterize the complex nature of a diffusant in a polymer matrix.
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IMPLICATIONS
Knowledge of the initial concentrations of volatile organic compounds (VOCs) in a solid material such as vinyl flooring (VF) is crucial for assessing the emission characteristics of the material and its potential to contaminate indoor air. Solid-phase concentration measurement methods such as thermal headspace analysis and solvent extraction may affect the physical structure and consequently the emissions characteristics of polymeric materials. The fluidized bed desorption technique developed in this study does not employ solvents or high temperature for VOC extraction and improves the representative sampling of larger pieces of materials. With this technique, VOC content can be determined under conditions similar to those to which the material would be exposed when installed in an indoor environment. This concentration can be used as a parameter in mechanistic models to estimate VOC emission rates. The direct thermal desorption technique may prove useful as a simple procedure for directly comparing the overall potential of similar materials to contaminate indoor air over long periods of time.
INTRODUCTION
Vinyl flooring (VF) is manufactured in a variety of styles and compositions and is widely installed in residential and commercial buildings in either sheet or tile form. VF is primarily composed of a mixture of polyvinyl chloride (PVC), inert filler (usually calcium carbonate, CaCO 3 ), and organic plasticizers such as dioctylphthalate (DOP).
Other additives such as stabilizers, lubricants, antioxidants, and colorants are used to aid in processing and improve product functionality and appearance. VF may also be manufactured as a multi-layer system with a bottom backing (usually glass fiber) and a top coating of transparent PVC or polyurethane. 1 In the United States during 1998, 214 million kilograms of PVC were used in the production of VF.
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VF has been shown to emit a number of volatile organic compounds (VOCs). 3, 4 VOCs can migrate from the interior to exposed surfaces by diffusion and then partition into the surrounding air. Most of the VOCs that are emitted by VF are probably present as contaminants in the various raw materials or as residues from the manufacturing process.
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Characterizing VF as a source of indoor VOCs requires assessing both the rate at which VOCs are emitted and the total amount of VOCs that can potentially be emitted.
Initial concentration (C 0 ) is a parameter of a model to predict emission rates of VOCs from diffusion controlled materials. 5, 6, 7, 8 is inversely proportional to the diameter of the diffusing molecule. For a relatively small diffusant such as methane, this ratio has been measured to be 8.7 for a polycarbonate system.
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The preceding analysis describes how the physical structure and consequently the mass transport properties of polymeric materials such as VF can be affected by heat and the presence of solutes. For this reason new techniques to measure VOC concentrations in VF and similar materials were developed.
As described, the total VOC concentration may be apportioned into mobile and partially immobilized fractions. The partially immobilized portion of the total VOC concentration is not readily emittable, but can be emitted over a long time period. For a single compound, C 0 is therefore defined as the readily emittable mass of the compound per unit mass of the material (e.g., µg g -1 ) subject to a particular set of environmental conditions.
During concentration measurement, it is desirable to minimize the time required to extract the target compounds from the solid-phase. Extraction time depends on the rate of mass transport from the solid-phase to the extraction fluid. For many materials the rate of mass transport is limited by the solid-phase diffusion rate. The time required for a VOC to diffuse through the solid-phase is proportional to the square of the diffusion path length and the reciprocal of the diffusion coefficient. 14 Therefore, extraction time can be reduced by decreasing the diffusion path length or by increasing the diffusion coefficient by heating the material.
In this study, a new sample preparation technique, cryogenic milling (CM) is applied to VF. A sample is obtained from a VF sheet by punching small disks from a large area of the material. The sample is then pulverized into small particles in a ball mill under a liquid nitrogen bath at temperatures of -140 o C. CM homogenizes the sample, decreases the diffusion path length, and increases the surface area of VF material. The low temperature significantly reduces VOC vapor pressure, minimizing VOC loss, and facilitates the milling process by making the VF more brittle.
Extraction of VOCs from the milled particles is accomplished at room temperature by fluidized bed desorption (FBD). For comparative purposes, direct thermal desorption (DTD) was also used to extract VOCs from the VF particles. In both extraction techniques, the VOCs are collected on a sorbent and then analyzed using a thermal desorption gas chromatography/mass spectrometry system.
MATERIALS AND METHODS
The VF material used in this study was a monolayer sheet vinyl (1.8-m wide) manufactured for the medical facilities market. In addition to PVC, the VF contained approximately 50% (by weight) CaCO 3 as well as plasticizers, pigments, and stabilizers. 15 The nominal thickness was 2 mm; the density was approximately 1.5 g cm -3 . The VF was manufactured four months prior to this investigation. A specimen of the material was tightly rolled into a 0.6-m long × 10-cm diameter cylinder, wrapped in Kraft paper, and shipped from the warehouse to our laboratory. Upon receipt, Scanning electron microscopy (SEM) was used to obtain images of the VF before and after CM. A cross-section sample of the original VF was prepared for SEM using a microtome. A sputter coater (Model S150B, Edwards) was used to apply a ~100 Å gold layer to the surface of both samples. Surface images were obtained using a scanning electron microscope (ISI, Model SX-40) operating at 20KV.
The size distribution of the cryogenically milled particles was determined using a laser diffraction particle-size distribution analyzer (Model LA-500, Horiba, Ltd.). Ethyl alcohol was used as the particle dispersant.
VOCs in VF particles were extracted at room temperature using a FBD apparatus shown in Figure 2 . A known mass (~1 g) of VF particles was transferred to a FBD vessel 
RESULTS AND DISCUSSION
The scanning electron micrographs of the VF cross section shown in Figure 4 were taken at magnifications of 40× (left) and 300× (right). The number above the white rectangular bar at the bottom of each micrograph is the length of the bar in µm. The micrographs show that the VF is a monolayer (white lines at the upper and lower surfaces are artifacts) composite material. CaCO 3 particles imbedded in the PVC matrix can be seen in the image on the right. After CM, the median particle size was ~80 µm when calculated on the basis of the particle number distribution. As shown in Figure 5 , the median particle size was ~160 µm when calculated on a weight distribution basis.
The concentrations of seven VOCs obtained by FBD and DTD are presented in 
is employed. In Equation 1, M t is the mass of diffusant in the solid-phase at time t, M ∞ is the initial mass of diffusant in the solid-phase, D is the solid-phase diffusion coefficient (1.2, 0.67, and 1.2 × 10 -13 m 2 s -1 respectively for n-tetradecane, n-pentadecane, and phenol in VF), and r is the particle radius. To apply this model to desorption of VOCs in the fluidized bed, build-up in the gas-phase concentration is assumed to be negligible.
The diffusion coefficients for each of the three VOCs in VF were measured in earlier work, 19 and the median particle size (based on weight) was used to estimate particle radius.
For mobile VOCs, the model provides estimates of the mass fraction extracted after 6 hours (99% for phenol and n-tetradecane; 93% for n-pentadecane) and predicts the rate of mass transport from the VF particles during FBD, as shown in Figures 6, 7 , and 8.
The experimental FBD data suggest that desorption of the VOCs continues beyond the 6 hour period, albeit at a slow rate. In contrast, with the exception of phenol, the DTD data show that desorption is both rapid and complete. Taken together, these results appear to be consistent with the dual-mobility conceptual model described earlier. During DTD, the temperature of the polymer is raised above Tg causing expansion of the void spaces releasing the partially immobilized diffusant molecules and resulting in rapid desorption of all the VOC. It is worth noting that the diffusion coefficients used to make the model predictions were measured during rapid and completely reversible sorption/desorption experiments at room temperature. 19 Although these experiments confirmed Fickian diffusion of the specific VOCs in VF, it is possible that they only quantified diffusion through the readily accessible void volume within the polymer matrix.
The concentration estimates obtained by DTD of sliver samples are also shown in Table 1 . or that phenol is a degradation product of some ingredient in the VF.
Measurement precisions are presented in Table 1 The results of the DTD temperature study are summarized in Table 2 The primary purpose of this study was to determine C 0 of a VOC in bulk VF for use in a mechanistic model for predicting the rate at which the compound is emitted from VF. 21 While somewhat speculative, it now appears that FBD provides a measure of the readily emittable fraction of the VOC while DTD quantifies the potential amount that can be emitted over a long period of time. Although additional work is needed, it appears that emission characterizations based on both of these solid-phase concentration measurements may prove more useful and possibly less costly than commonly employed chamber techniques. 
